Dysfunction of mitochondrial complex I is a feature of human neurodegenerative diseases such as Leber hereditary optic neuropathy and Parkinson's disease. This mitochondrial defect is associated with a recruitment of the mitochondrial-dependent apoptotic pathway in vivo. However, in isolated brain mitochondria, complex I dysfunction caused by either pharmacological or genetic means fails to directly activate this cell death pathway. Instead, deficits of complex I stimulate intramitochondrial oxidative stress, which, in turn, increase the releasable soluble pool of cytochrome c within the mitochondrial intermembrane space. Upon mitochondrial permeabilization by the cell death agonist Bax, more cytochrome c is released to the cytosol from brain mitochondria with impaired complex I activity. Given these results, we propose a model in which defects of complex I lower the threshold for activation of mitochondrial-dependent apoptosis by Bax, thereby rendering compromised neurons more prone to degenerate. This molecular scenario may have far-reaching implications for the development of effective neuroprotective therapies for these incurable illnesses. mitochondria ͉ neurodegeneration ͉ Parkinson's disease
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educed activity in mitochondrial complex I (NADH͞ ubiquinone oxidoreductase) is associated with a wide spectrum of neurodegenerative diseases (1) . Low complex I activity due to mitochondrial DNA point mutations is found in many cases of Leber hereditary optic neuropathy, which is characterized by a massive retinal ganglion cell degeneration resulting in a rapid loss of central vision (2) . Reduced complex I activity has also been reported in both autopsy brain tissues and platelets of patients affected with sporadic Parkinson's disease (PD) (3, 4) . The pathogenic role of this mitochondrial dysfunction is supported by demonstrations that natural and synthetic complex I antagonists provoke neuronal death in animals (5-7). The molecular basis of neuronal death mediated by defective complex I activity is just beginning to be deciphered, in part by the utilization of the mitochondrial poisons 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone. For instance, it is now established that inhibition of complex I in rodents leads to degeneration of dopaminergic neurons of the substantia nigra pars compacta, as seen in PD (5), through activation of apoptotic molecular pathways (8) (9) (10) . Moreover, it is believed that complex I dysfunction and the subsequent impairment of mitochondrial respiration provoke the activation of the mitochondrialdependent apoptotic machinery by directly triggering the release of the apoptogenic molecule cytochrome c from the defective mitochondria (11) (12) (13) (14) .
Here we show that, contrary to the proposed direct effect of complex I deficit on cytochrome c release and consequent cell death, complex I defects do not autonomously recruit the apoptotic machinery. Instead, we show that complex I deficiency sensitizes neurons to mitochondrial-dependent apoptosis in response to the cell death agonist Bax through mitochondrial oxidative damage, by increasing the releasable soluble pool of cytochrome c within the mitochondrial intermembrane space. This molecular scenario sheds light into the mechanisms of cell death in chronic diseases linked to complex I deficiency and may have far-reaching implications for the development of new neuroprotective therapies for these incurable illnesses.
scribed (16, 17) . Briefly, the analysis is based on a comparison of the intensity profile of pixels generated by the two fluorochromes. A typical pixel profile generated along a straight line transecting a cell immunostained for ANT-1 will show highintensity pixels over mitochondria alternating with low-intensity pixels over the cytosol devoid of mitochondria. Thus, in a healthy cell, cytochrome c is confined to mitochondria, giving rise to a pixel profile for cytochrome c that overlaps with that of the mitochondrial marker (see Fig. 1b) . Conversely, in a sick cell with cytochrome c translocation to the cytosol, the pixel profile for cytochrome c is more diffuse and diverges from that of the mitochondrial marker (see Fig. 1b ).
Alkaline Extraction. Ventral midbrain mitochondrial fractions from saline-injected and MPTP-intoxicated mice were resuspended in 0.1 M Na 2 CO 3 (pH 11.5) and incubated for 30 min on ice. The membranes were then centrifuged (75,000 ϫ g, 10 min), and both the pellet and the supernatant were analyzed by Western blot for Bax or cytochrome c oxidase.
Isolation of Brain Mitochondria, Polarography, and Cytochrome c
Release Studies. Isolation of nonsynaptosomal brain mitochondria and monitoring of mitochondrial oxygen consumption were performed as described (18) . For cytochrome c release experiments, 250 g of isolated brain mitochondria were incubated for different lengths of time (from 15 to 60 min) with different amounts of recombinant oligomeric Bax (kindly provided by S. J. Korsmeyer, Dana-Farber Cancer Institute, Harvard Medical School, Boston), complex I inhibitors 1-methyl-4-phenylpyridinum ion (MPP ϩ ) or rotenone (SigmaAldrich) and͞or the antioxidant M40401 or its inactive homologue M40404 (kindly provided by Metaphore Pharmaceuticals, Fort Lee, NJ). The percentage of cytochrome c release was estimated by assessing the intensities of the immunoblot bands for the soluble fractions versus total fractions (soluble ϩ particulate). Two different types of buffers were used: low (225 mM mannitol͞75 mM sucrose͞10 mM KCl͞5 mM Hepes͞2 mM K 2 HPO 4 ) and high (125 mM KCl͞2 mM K 2 HPO 4 ͞1 mM MgCl 2 ͞5 mM Hepes) ionic strength.
Measurements of Mitochondrial H2O2 Production. Samples were prepared as for the polarographical study. H 2 O 2 , converted from superoxide by manganese-superoxide dismutase, was measured by using 5 M Amplex red and 5 units͞ml horseradish peroxidase, both in presence or absence of ADP, as described (19) .
Cybrid Cells. Cybrid cell lines were constructed by using enucleated fibroblasts from Leber hereditary optic neuropathy (LHON) probands as mitochondria donors carrying 3460 LHON primary mutations and the osteosarcoma (143B.TK Ϫ )-derived 206 cell line as acceptor rho 0 cell line. Parental and cybrid cell lines were grown in DMEM supplemented with 15% FBS͞100 units/ml penicillin͞100 g/ml streptomycin at 37°C in an incubator with a humidified atmosphere of 5% CO 2 . Mitochondrial extraction, polarography, H 2 O 2 production and cytochrome c release studies were performed as described above. These experiments were performed as described (20) . Briefly, 1 mg͞ml mitochondria was incubated in sucrose buffer (0.2 M sucrose͞10 mM Trisphosphate-4-morpholinepropanesulfonic acid, pH 7.4͞1 mM Pi͞5 mM glutamate͞2.5 mM malate͞10 M EGTA-phosphate Tris, pH 7.4) and treated as indicated in Fig.  4 . After the indicated time, 400 pmol carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and 1 nmol antimycin A per mg of protein Ϫ1 were added, and the reaction was transferred to a Clark-type oxygen electrode chamber. Final volume was 1 ml at 25°C. After 2 min, 6 mM ascorbate was added, followed by 300 M TMPD 3 min thereafter. The ascorbate-driven oxygen consumption rate over the total TMPD-driven rate is plotted as a percentage of the ratio in the untreated mitochondria.
ϩ were incubated in a cardiolipin-coated ELISA plate (Alpha Diagnostics, San Antonio, TX) for 15 min. Residual radioactivity was measured after washing out radioactive MPP ϩ .
Lipid Extraction and HPLC. Lipids from isolated brain mitochondria were extracted as described (21) . Lipid extraction from midbrain, striatal, and cerebellar brain mitochondria was performed by pooling the above-mentioned anatomical regions from five different saline-or MPTP-intoxicated mice. The HPLC measurements were carried out by using an adaptation of a previously described method (21).
Statistical Analysis. All values are expressed as the mean Ϯ SEM. Differences among means were analyzed by using one-or two-way ANOVA with time, treatment, or genotype as the independent factors. When ANOVA showed significant differences, pair-wise comparisons between means were tested by Student-Newman-Keuls post hoc testing. In all analyses, the null hypothesis was rejected at the 0.05 level.
Results
Complex I Inhibition Relies on Bax to Engage Mitochondrial-Dependent Apoptosis. Bax, a proapoptotic member of the Bcl-2 family, plays a critical role in the demise of dopaminergic neurons provoked by complex I inhibition (8) . In most circumstances, including the pharmacological blockade of complex I (22), Bax-mediated cell death is accompanied with a mitochondrial release of cytochrome c and activation of caspase-9 and -3. We confirmed that mitochondrial release of cytochrome c does occur in MPTP-intoxicated mice (Fig. 1 ). This molecular event is time-dependent and coincides with the induction (8) and relocation of Bax from the cytosol to the mitochondria (Fig. 1) . We also show that Bax mitochondrial translocation and cytochrome c release parallel the activation of downstream caspases ( Fig. 1 ) and the previously reported time course of neuronal apoptosis caused by MPTP (8) . Supporting the pivotal role of Bax in this molecular cascade is the demonstration that the release of cytochrome c and the activation of caspases are absent in Bax-deficient mutant mice treated with MPTP ( Fig. 1 f and g ); these mice were previously found resistant to MPTP-induced neurodegeneration (8) . However, abrogation of Bax in mutant mice did not impair the potency of MPTP to inhibit complex I (Fig. 6 , which is published as supporting information on the PNAS web site). Our results thus indicate that complex I deficiency operates together with Bax to engage the mitochondrial-dependent apoptotic pathway in vivo.
Inhibition of Complex I Potentiates Bax-Induced Cytochrome c Re-
lease. We next ascertained in isolated brain mitochondria the respective roles of complex I deficiency and Bax activation in the recruitment of the mitochondrial-dependent neuron death program, as well as the molecular basis for their interaction. First, we incubated purified brain mitochondria with different concentrations of MPTP's active metabolite, MPP ϩ , or rotenone. These experiments confirmed that both MPP ϩ and rotenone caused, in a dose-dependent manner: (i) a reduction of ADPstimulated oxygen consumption (state 3 respiration) supported by the NADH-linked substrates glutamate͞malate ( Fig. 2a and Fig. 7 , which is published as supporting information on the PNAS web site); and (ii) an increased production of reactive oxygen species (ROS) (Figs. 2b and 7) , likely generated by a higher rate of molecular oxygen reduction into superoxide radical in response to the hampered terminal step of electron transfer from the highest potential iron-sulfur cluster of complex I to ubiquinone (23) . Contrary to the effect of complex I deficiency on cytochrome c release in intact cells in vivo, we found no evidence that MPP ϩ -or rotenone-induced complex I inhibition elicited a release of cytochrome c from purified brain mitochondria, even when oxygen consumption was reduced by nearly 100% (Figs. 2c  and 7) . Recombinant oligomeric Bax protein, at concentrations as high as Ϸ100 nM and in the absence of complex I inhibitors, elicited only a minimal, not statistically significant, cytochrome c release (Ϸ18%) from brain mitochondria (Fig. 2c) . Unexpectedly, when brain mitochondria were incubated with both recombinant Bax and complex I inhibitors, up to 65% of the mitochondrial cytochrome c was released (Figs. 2c and 7) . Thus, neither complex I inhibition nor permeabilization of the outer membrane with Bax, alone, triggers overt release of cytochrome c, whereas their combination results in a marked release (Ͼ60%) of this proapoptotic molecule.
ROS Are Mandatory for the Interaction Between Complex I Inhibition
and Bax. We next explored the molecular basis for the observed mobilization of cytochrome c release induced by the combination of complex I inhibition and Bax. None of the tested conditions (complex I inhibition, recombinant Bax, or both) caused a release of the matrix mitochondrial heat-shock protein HSP-60 (Fig. 2c) , ruling out the possibility that the mobilization of cytochrome c observed by combining complex I inhibition and Bax resulted from a mitochondrial structural damage. Because the ionic strength of the mitochondrial buffer may modify the electrostatic attachment of cytochrome c to the inner membrane and, therefore, the ability of the mitochondria to release cytochrome c (21), it is noteworthy that comparable results were obtained with low (mannitol͞sucrose͞ Hepes) and high (KCl) ionic strength buffers (see Materials and Methods). Furthermore, sulfite oxidase, a soluble mitochondrial intermembrane protein, was not released by complex I inhibition alone. Sulfite oxidase was released by recombinant Bax but, in contrast to cytochrome c, no enhancement of its release was observed by combining Bax with complex I inhibition (not shown). These results indicate that complex I dysfunction alone is unable to engage the mitochondrial-dependent apoptotic pathway. They also demonstrate that activated oligomeric Bax, while able to permeabilize the outer mitochondrial membrane, stimulates only significant release of cytochrome c in conjunction with complex I defect.
Remarkably, the enhanced release of cytochrome c obtained by combining Bax and complex I inhibition was abolished by the lipophilic superoxide dismutase mimetic M40401 (24), but not by its inactive homologue M40404 (Figs. 2c and 7 ), indicating that this interaction relies on the mitochondrial production of ROS. Supporting this assertion is the fact that oxidative stress generated by Fe 2 SO 4 ͞ascorbate also enhances the release of cytochrome c induced by recombinant Bax in isolated rat liver mitochondria (21) .
A Genetic Defect in Complex I Also Potentiates Bax-Induced Cytochrome c Release. Because inhibitors of complex I cause an acute loss of mitochondrial respiration, we sought to confirm the above findings in a chronic genetic model of complex I deficiency. Accordingly, we used an osteosarcoma-derived cytoplasmic hybrid (cybrid) cell line harboring the pathogenic point mutation of the mitochondrial DNA 3460GϾA in complex I's ND1 subunit gene, which causes a deficit of complex I activity (25) . In humans, the 3460͞ND1 mutation is associated with massive retinal ganglion cell degeneration and loss of central vision in Leber hereditary optic neuropathy (26) . Upon incubation in galactose-enriched medium, 3460͞ND1 cybrids die by activating the mitochondrial-dependent apoptotic pathway, as shown by the release of cytochrome c (27) .
We found that isolated mitochondria from 3460͞ND1 cybrids, but not from wild-type cybrids or parental osteosarcoma cells, exhibited reduced complex I-driven mitochondrial respiration (Fig. 3a) associated with an increased production of ROS that could be quenched by M40401 (Fig. 3b) . Similar to what we observed with pharmacological inhibition of complex I, the genetic disruption of mitochondrial respiration in 3460͞ND1 cybrids was not associated with any detectable release of cytochrome c from isolated mitochondria in the absence of Bax, whereas Ϸ50% of cytochrome c was released in these mutant cybrids in the presence of recombinant oligomeric Bax (Fig. 3c) . The latter effect was markedly attenuated in mitochondria isolated from 3460͞ND1 cybrids grown in the presence of M40401 and was not observed in mitochondria isolated from wild-type cybrids or parental osteosarcoma cells (Fig. 3c) .
Inhibition of Complex I Increases the Soluble Pool of Cytochrome c in the Mitochondrial Intermembrane Space in a ROS-Dependent Manner.
Under physiological conditions, most cytochrome c is bound to the inner mitochondrial membrane by anionic phospholipids, primarily cardiolipin, whereas only a fraction is soluble in the intermembrane space and thus releasable upon outer membrane permeabilization (20) . Therefore, we asked whether oxidative damage linked to complex I inhibition could increase the soluble pool of cytochrome c in the intermembrane space. Because ascorbate is capable of reducing only soluble cytochrome c, whereas the uncharged reductant TMPD is membranepermeant and reaches all cytochrome c, the ratio of ascorbatedriven respiration over the total TMPD-driven respiration provides an index of cytochrome c soluble pool (20) . Inhibition of complex I by MPP ϩ resulted in a dose-dependent increase of mitochondrial ascorbate͞TMPD-driven respiration ratio (Fig. 4  a and b) , consistent with an increased intermembrane space soluble pool of cytochrome c. This effect was also prevented by M40401 (Fig. 4b ) and could be reproduced by Fe 2 SO 4 ͞ascorbate (Fig. 4 a and b) , indicating its dependency on ROS production.
ROS Generated by Complex I Inhibition Oxidize the Inner Mitochon-
drial Lipid Cardiolipin both in Vitro and in Vivo. It has been shown in isolated rat liver mitochondria that cytochrome c can be freed from the inner mitochondrial membrane by oxidative modifications of cardiolipin (21) . Therefore, we tested whether cardiolipin peroxidation occurred after complex I blockade. After having excluded the possibility that MPP ϩ displaces cytochrome c from the negatively charged cardiolipin by simple electrostatic interaction (see Materials and Methods), we assessed by HPLC the contents of oxidized cardiolipin in isolated brain mitochondria. Complex I blockade by MPP ϩ resulted in a marked increase of oxidized cardiolipin that was attenuated by M40401, indicating its dependency on ROS production (Fig. 4c) . Furthermore, incubation of isolated brain mitochondria with the ROSgenerating system Fe 2 SO 4 ͞ascorbate also increased cardiolipin oxidation (Fig. 4c) . Supporting a role in neurodegeneration induced in vivo by complex I inhibition, cardiolipin oxidation was also detected in mitochondria isolated from ventral midbrain of mice intoxicated with MPTP (Fig. 4d) in a time-dependent manner that preceded activation of Bax and apoptotic neuron death in this model of complex I deficiency (8) .
Discussion
The mitochondrial-dependent apoptotic pathway has been shown to be instrumental in the neuronal degeneration associated with disruption of mitochondrial respiration caused by complex I deficiency, as demonstrated by targeting molecules of this pathway such as Bax, caspase-9, or Apaf-1 (8, 22, 28) . Our study, while confirming that complex I defects lead to a recruitment of the mitochondrial-dependent apoptotic pathway in vivo, sheds light onto the molecular mechanisms linking these two events. For instance, after MPTP administration, there is indeed a time-dependent and region-specific mitochondrial release of cytochrome c that occurs in association with activation of both caspase-9 and -3. All of these molecular alterations appear to be regulated by the death agonist Bax, because they coincide with Bax up-regulation and translocation to the mitochondria and are prevented by genetic ablation of Bax. Although Bax induction was previously shown to rely on p53 activation after complex I inhibition (29) , the mechanism driving Bax mitochondrial translocation after complex I inhibition remains to be determined (10) . Both Bid and Bak are known for cooperating with Bax to initiate mitochondrial-dependent apoptosis in response to the ligation of cell-surface death receptors. However, in contrast to the pivotal role of Bax, both Bid and Bak have been shown to be dispensable in complex I deficiency-mediated neuronal death (22, 30) .
Our study also clarifies the process by which complex I defects contribute to the actual recruitment of the mitochondrial- dependent cell death pathway. It has been widely assumed that complex I inhibition and the subsequent impairment of mitochondrial respiration directly trigger the release of cytochrome c from the affected mitochondria (11) (12) (13) (14) . Contrary to this view, our data demonstrate that complex I inhibition does not directly induce cytochrome c release from isolated brain mitochondria but, instead, it increases the ''releasable'' soluble pool of cytochrome c in the mitochondrial intermembrane space that can be subsequently released to the cytosol by some cell death agonists, such as Bax.
In both the pharmacologic and genetic models used here, the initiating event is complex I dysfunction, which, in turn, stimulates the mitochondrial production of ROS. Because the latter can be abated by M40401, it can be asserted that the endogenous antioxidant arsenal of the mitochondria is not sufficient to scavenge the excess of ROS generated by the complex I defect. We can also state that, because M40401 is a superoxide dismutase mimetic devoid of catalase activity (24) , superoxide is the main reactive species produced. Yet, superoxide poorly penetrates membranes, hence its damaging effects are likely to be confined to the mitochondrial matrix and inner membrane. Although a broad range of molecules is likely modified by ROS in response to complex I dysfunction, our HPLC data indicate that cardiolipin is among the targets. Therefore, our data argue that complex I inhibition produces a mitochondrial oxidative damage that includes cardiolipin peroxidation. The latter alteration affects the binding of cytochrome c to the mitochondrial inner membrane, leading to an increased soluble pool of cytochrome c in the intermembrane space. Consequently, upon permeabilization of the outer mitochondrial membrane by activated Bax, a larger amount of mitochondrial cytochrome c can be released, making compromised neurons more likely to undergo apoptosis (Fig. 5) .
Mobilization of the cytochrome c stores has been previously associated to a remodeling of mitochondrial cristae structure by Bid (20) . Because Bid is not required for cytochrome c release in the context of complex I inhibition (22) , and rotenone does not induce ultrastructural changes in mitochondrial morphology (11) , it is unlikely that such a remodeling accounts for the observed ROS-related mobilization of cytochrome c associated with complex I inhibition. Instead, our results support the concept that oxidative modifications of cardiolipin may be responsible for the increased intermembrane stores of soluble cytochrome c following complex I deficiency.
Conclusion
Our study supports a pathogenic scenario in which complex I deficiency, which occurs in numerous neurodegenerative situations, does not autonomously kill cells, but rather sensitizes neurons to the action of death agonists such as Bax, through mitochondrial oxidative damage. Our results also provide a molecular basis to the observation of strong allometric correlations between mitochondrial ROS production and rates of brain and retinal neurodegeneration (31) and support the concept that steady-state ROS production, acting on the mitochondrial stress integration machinery, may be pivotal in setting the threshold for the occurrence of apoptosis for a given species and cell type in response to a cellular stress (31) . Finally, our study shows that membrane-permeant antioxidants block the neuronal deathpromoting interaction between mitochondrial oxidative damage and Bax-induced permeabilization of the outer mitochondrial membrane, suggesting that these compounds, of which a few are near approval for human use, may prove effective in mitigating neurodegeneration in complex I cytopathies.
